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Abstract
It is known that internal stress concentrations can give rise to microcracks which then grow when the
structure is subjected to external forces. It has also been found that the velocity of sound is altered as it
propagates through a region of stress. In this paper we discuss a technique called Computer Assisted
Tomography (CAT) and describe an application that provides pictures of stress fields. We report the results of
both simulated and experimental models used to evaluate the technique. We conclude that the CAT approach
has great potential for locating and mapping residual stress in metals.
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B. P. Hildebrand 
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and 
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ABSTRACT 
It is _known _that internal stress concentrations can give rise to microcracks which then grow when the 
str~cture 1s subJected to external forces. It has also been found that the velocity'of sound is altered 
as ~t propagates through a region of stress. In this paper we discuss a technique called Computer-
Asslsted Tomography (~AT) and describe ~n application that provides pictures of stress fields. We report 
the results of both s1mulated and exper1mental models used to evaluate the technique. We conclude that 
the CAT approach has great potential for locating and mapping residual stress in metals. 
INTRODUCTION 
One of the outstanding problems of non-destruct-
ive testing is the location and measurement of areas 
of residual stress. In the manufacture of large 
structures, such as pressure vessels, a number of 
very large welds are required. The heat-affected 
zone surrounding the welds will contain residual 
stresses due to uneven cooling rates. In practice, 
these stresses are relieved by heating the entire 
vessel to some appropriate temperature and then 
carefully controlling the cooling rate. This stand-
ard procedure has not always been successful in 
relieving the residual stress that is induced by 
the welding process (Ref. 1). Structural designers 
realize this, and try to compensate for the possi-
bility of stress concentrations by overdesigning. 
This leads to penalties in terms of both added 
weight and cost. Consequently, there is high mo-
tivation for finding and delineating such concen-
trations. 
Currently there is no satisfactory test for 
measuring the success of stress-relief procedures. 
Thus, it may happen that high residual-stress re-
gions exist in the pressure vessel. if these re-
gions occur in critical areas (such as nozzle-to-
vessel joins), cracks may develop, which would 
require subsequent plant shut-downs and expensive 
repair. If it were possible to detect and map 
residual stress, local stress relief could be ap-
plied, and future problems could be avoided. 
Standard Nondestructive Testing (NOT) examin-
ations consist of radiology and ultrasonic pulse-
echo. Neither of these techniques can reveal the 
presence of residual stress; the former because it 
shoHs only density variations, and the latter be-
cause stress regions are not sharply defined; 
hence, they do not reflect much sound. It is 
known, however, that the velocity of sound in a 
solid is affected by stress. This phenomenon is a 
third order effect, and has been used primarily to 
determine the Lame and Murnahgan elastic constants 
for various materials. 
A number of studies have shown that it is 
possible to measure velocities with sufficient ac-
curacy to detect and calculate residual stress 
(Ref. 2-4). Typically, for steel, the stress-
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acoustic constant is approximately 0.197 nsec/cm/ 
6895 kPa. This constant means that a 6895-kPa 
increment in stress produces a 0.5 nsec change in 
travel time through a 2.54 em thick specimen. 
Since it is relatively easy to measure time-of-
flight changes to this accuracy, the sensitivity 
of the proposed method should be approximately 
6895 kPa. 
At the present time, a number of researchers 
have made velocity measurements for the computation 
of stress. This data, however, has been obtained 
in the form of spot measurements or profiles. No 
one has yet attempted to take a number of profiles 
at different angles in order to reconstruct a cross-
section of the residual stress. The purpose of 
this paper is to discuss our efforts to develop a 
method for mapping stress anomalies utilizing vel-
ocity information and an image reconstruction tech-
nique known as Tomography. 
A Tomogram could be described as a picture 
of a slice. Over the past several years, CAT scan-
ners have revolutionized the field of diagnostic 
medicine. This technique uses x-rays to obtain 
visible, thin slices through any section of the 
human body. We are applying the same reconstruction 
algorithms used in medical applications, (except 
for the substitution of ultrasound for the x-rays), 
to generate velocity maps of cross-sections of thick 
metal sections. 
In the following section, we briefly discuss 
the principles of Tomography, and describe the 
Algebraic Reconstruction Technique (ART) we are us-
ing .to construct the velocity profile. The third 
section describes several .computer simulations for 
testing the ART algorithm. In the third section, 
we also discuss the effect of varying several param-
eters and describe the effect they have on the 
quality of the reconstruction. In the fourth sec-
tion, we describe an experimental ipparatus, which 
we have developed in our laboratory, for obtaining 
time-of-flight.measurements. It also includes a 
discussion of reconstructions generated from these 
experimental data, and a description of the calibra-
tion procedure we are using in order to relate the 
velocity of sound to stress. In our conclusion, 
we comment on the validity of this method for map-
ping residual stress and also describe a prototype 
instrument that we are building to test this tech-
nique. 
PRINCIPLES OF IMAGE RECONSTRUCTION 
IN COMPUTED TOMOGRAPHY 
As we noted in the introduction, Tomography has 
had its greatest impact to date in the field of 
diagnostic medicine. A good source of references 
on medical Tomography can be found in a paper by 
Brooks and Dechiro (Ref. 5). The principles of 
image reconstruction using Tomography have also 
been applied in a number of other disciplines: 
Electron Microscopy, Radio Astronomy, and Nonde-
structive Testing (Ref. 6-11). 
To clarify the discussion that follows, a brief 
digression into the principles and terminology of 
Tomography will be necessary. Consider Figure la, 
which is a particular cross-section of a general 
three-dimensional object. Define the velocity 
distribution of the object as v(x,y,z). Assume an 
ultrasound pulse, transmitted from location t, 
traverses the object along path ~ to a point r 
where it is received. The time-of-flight along 
path ~ is a function of the velocity distribution 
along the path, and is given as the line integral 
t(p)=jds 
8 t v 
(1) 
where p and 0 define the path ~ from t to r. If 
the variable pis allowed to vary continuously over 
the object at a constant angle, a one-dimensional 
projection of the velocity distribution will be 
obtained. 
The reconstruction problem is to estimate the 
velocity of ·the cross-section v(x,y,z ) from the 
projection values. Clearly, this can only be done 
if the projection values are available for a large 
number of angles ei. Also, in actual practice 
the projection values are available only at a dis-
crete number of thepj for each angle ei. Thus, the 
reconstruction is an approximation to the actual 
velocity field, with resolution being a function 
of the spacing between rays npj and the degrees 
between angles nei. 
In theory, the velocity field can be recon-
structed quite easily from the projection infor-
mation. To see ·this, visualize a square grid su-
perimposed over the object of Figure la as shown 
in Figure lb. If we assume that the velocity with-
in each square (pixel) is constant, then the total 
travel time through the grid becomes the sum of 
the travel times in each of the pixels. Each ray 
that passes through the velocity field will inter-
sect various pixels. 
The length of the ray segment in each pixel can 
be determined quite easily by using geometry. If 
a ray of length lk lies in a cell with velocity vk• 
the travel time through the cell is lk/Vk· Thus, 
the total time-of-flight can be expressed as a 
linear equation whose unknowns are the velocities 
vk. By using a number of independent rays that is 
equal to the number of grid cells, a linear system 
of algebraic equations can be generated and solved 
for the unknown velocities. 
The difficulty with solving for the unknown 
velocities by inverting a system of algebraic equa-
tions is that, even for small grid systems, the size 
of the resulting matrix is prohibitive. For exam-
ple, consider a grid system of 20 by 20 pixels. 
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This means that there are 400 unknown velocities to 
solve for. If we take 20 independent views with 20 
rays per view, the result is 400 equations in 400 
unknowns, or a 400 by 400 matrix to invert. Fur-
t~ermore, the.matrix will be sparse, since each ray 
w1ll usually 1ntersect less than 30 pixels. 
Other reconstruction algorithms are available 
that overcome the limitations imposed by the matrix 
inversion method, some of these alternatives are: 
(1) Convolution, which is based on the work of 
J~hann Radon (who first solved the equa-
tlons governing image reconstruction in 
l917)(Ref. 12-13). 
(2) Fourier Transform, which is the spatial 
frequency version of convolution (Ref. 14). 
(3) Back Projection, which was used in the 
first attempts to produce Tomograms of 
living patients. 
(4) Iterative Techniques, which are probably 
the most widely used reconstruction 
methods. 
ITERATIVE RECONSTRUCTION ALGORITHMS 
All the iterative algorithms start with an "in-
~tial guess" as to what the image looks like. Typ-
lcally, the average value of the projections is 
·divided among all the pixels that make up the image. 
The algorithms then adjust the pixel values to bring 
~hem. into better agreement with the measured pro-
Jectlons. These algorithms are iterative in that 
~hey continually sequence through the set of pro-
Jection data, updating the pixel values until a 
stopping criteria is met. An example of a stopping 
criteria would be a measurement of the change that 
has been made to the image during an iteration. If 
the change is less than some prespecified minimum, 
the iteration is stopped. 
The three most popular iterative reconstruction 
algorithms currently in use are: the Iterative 
Least Square Technique (ILST) of Goitein (Ref. 15), 
the Simultaneous Iterative Reconstruction Technique 
(SIRT) introduced by Gilbert (Ref. 16), and the 
Algebraic Reconstruction Technique (ART) discovered 
by G~rdo~, et al (Ref. 7, 17). Our preliminary in-
vest1gat1on of·both ART and SIRT indicates that ART 
produces better·reconstructicins than SIRT, given 
the amount and nature bf the data that is available. 
You will remember from the discussion earlier 
in this section that the time-of-flight for a given 
projection can be approximated as a sum of the time-
of-flights in individual pixels. Briefly, the ART 
algorithm works as follows: for each ray in the 
data set, ART compares the experimentally obtained 
time-of-flight with the time-of-flight calculated 
using the current pixel. values. If they are differ-
ent, ART updates the velocity in each of the pixels 
as a function of the length of the ray path in the 
pixel. After the pixels along the ray have been 
modified, the time-of-flight calculated from the 
pixel values matches that obtained experimentally. 
ART then cycles through the remainder of the rays 
in the data set, repeating the process described 
above. However, as each new ray is processed, the 
value of previously updated pixels will be changed. 
This is the reason for the need to iterate. It 
has been shown, however, that the image improves 
after each iteration and converges to the best 
solution in a least squares sense (Ref. 17). 
The majority of medical CAT scanners in use 
today employ one of two geometries for obtaining 
profiles. These two geometries are usually refer-
red to as fan beam and parallel beam. Fig. 2 points 
out the differences between these two approaches. 
In the parallel beam method, a set of measurements 
are obtained by scanning the source and detector 
linearly past the patient. The entire scanner 
assembly is then rotated by a fixed amount and the 
scan is repeated. In the fan beam approach, the 
source rays are formed into a fan of narrow beams 
that encompass the patient. The rays are received 
simultaneously by an array of detectors. For this 
geometry, the source and detector array are also 
rotated about the patient. Since the fan beam 
method does not require a linear translation of 
the source and detector, it is capable of much 
superior performance. 
SIMULATED DATA 
To test the feasibility of using time-of-
flight information along with the ART algorithm 
to reconstruct velocity fields, we have simulated 
several different images on the computer. As 
mentioned in the previous section, the time-of-
flight for a particular ray crossing a velocity 
field is given by the line integral 
te(P) = fdvs 
R. 
(2) 
To obtain simulated time-of-flights on the computer, 
this integral can be discretized to: 
(3) 
where R.kij is the path length of the ray defined by 
ej and Pj through the cell k. And K is the set of 
all cells which intersect the lineR.. 
To visually compare the reconstructions with 
the simulated velocity fields that were used to 
generate the data, we construct both isometric views 
and black-and-white gray sea 1 e images of the recon- -
struction. We will use both of these techniques to 
display results in this paper. To obtain a more 
qualitative idea of how the reconstructions compare 
with the original image, we calculate several error 
parameters at each iteration of the ART algorithm. 
The discrepancy is defined as: 
(4) 
This is a normalized Eut~idian norm where Vk is the 
velocity value of the k 1 pixel of the test image, 
V is the average velocitvhof the test image, and V 
is the velocity of the k;; pixel after the qth it-
eration. This equation shows that the discrepancy 
is the ratio of the root-mean-square error to the 
standard deviation of the test picture. This meas-
ure was suggested by Gilbert (16), and has since 
been used by Herman, et al (17) and Colsher (Ref. 
16, 17' a). 
The second error parameter we calculate is the 
mean relative (or average) error which is defined 
as: 
(5) 
This has also been used by Sweeney and Colsher (Ref. 
la, a). The final error function that we calculate 
is the residual, which is defined by: 
Rq = {2;:2;: rp(e. p.)- pq(e. p.)]2}l/2 (6) 
1 J 1' J 1' J 
where P(ei ,pj) is the actual measured time-of-flight 
for the ray path defined by ei and p· and pq(ei,Pj) 
is the computed time-of-flight for t~e same path us-
ing the pixel values after the qth iteration. This 
measure indicates the degree to which the recon-
structed image satisfies ~he measured time-of-flight 
data. Notice also that this is the only error meas-
ure of the three that is valid for experimentally 
obtained data. This criterion has been employed by 
Colsher (Ref. a). 
An obvious deficiency of the first two error 
criteria is that the test image must be discretized. 
Several of the velocity fields that we used to gener-
ate our simulated data are circular and thus diffi-
cult to discretize. This problem tends to negate the 
usefulness of these two criteria. 
All of our reconstructions were performed on a 
PDP 11/70 minicomputer. It is not valid to discuss 
execution time, since this computer operates in a 
multi-user environment._ On the average, however, 
each iteration of the ART algorithm required approx-
imately 30 sec of wall clock time and 5 sec of comp-
uter time. All of the isometric and gray scale 
images presented in this report were post-processed 
after the ART reconstruction program was completed. 
In our initial investigation of the ART algo-
rithm, we simulated parallel beam geometry, as des-
cribed in the previous section. Fig. 3a represents 
a velocity field having two islands of 2% velocity· 
increase in a uniform region. Fig. 3b shows the re-
construction when time-of-flight profiles are taken 
over a full 1ao• field of view. Notice that the 
tops of the two islands in this reconstruction are 
fairly flat and the steep sides approximate the test 
image very ~Jell. In Fig. 3c, a go• field of view 
was available to the reconstruction algorithm. In 
this image, the tops of the islands are somewhat 
irregular and the sides have less slope than the 
lao· field of view reconstructions. The go• data 
base, however, still provides an adequate reconstruc-
tion of the test image. Fig. 3d shows the result of 
using a 45• data base. In this reconstruction, the 
two islands have been smeared into the uniform vel-
ocity regi?n. The tops of the islands are rough, 
and the he1ght does not represent a 2% velocity dif-
ference. The walls of the islands in this recon-
struction also have a very shallow slope. The· reason 
for the poor reconstruction with a 45• field of view 
is that the majority of the rays pass through one of 
the two islands. As discussed in the last section, 
the velocity differences are divided among all the 
pixels in the path of the ray. Since there are few 
rays which pass completely outside the two velocity 
islands, the smearing effect is not counteracted. 
A major goal of our present work is to develop 
procedures for mapping residual stress in thick met-
al sections (typically 10 to 20 em). In many prac-
tical situations, it may not be feasible to obtain 
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time-of-flight profiles by either of the geometries 
discussed in the previous section. For instance, 
it may be physically impossible to position a de-
tector inside a pressure vessel. 
To overcome this difficulty, we have been in-
vestigating the feasibility of locating both the 
transmitter and the receiver on the same side of 
the metal section. Figs. 4a and 4b illustrate the 
differences between this geometry and those discussed 
in the last section. Fig. 4a illustrates the case 
in which both sides are accessible. The only way 
in which different angular profiles can be taken 
is to launch the waves at different angles by tilt-
ing the source. Theoretically, it is possible to 
launch waves over a ±90" field. However, note that 
the receiver would need to be moved farther away 
with increasing angle. Hence, a practically ob-
tainable field of view with this method is ±45". 
Fig. 4 illustrates the dilemma produced by 
the requirement for single surface inspection, and 
the solution. The back surface of the section is 
used as a reflector, with the receiver placed to 
receive the reflected signal. Note, however, that 
the reconstruction will now incl~de a mirror image 
as well as the object itself. Also note that in 
both cases, the total geometric path length changes 
as a function of angle of view. Both of these pe-
culiarities must be taken into account by the re-
construction algorithm. 
EXPERIMENTAL DATA 
Parallel Beam- To demonstrate the ultrasonic tom-
ography technique for mapping velocity fields, we 
. developed a model which allows us to obtain time-of-
flight profiles in the vicinity of a known stress 
concentration. This experimental model, diagrammed 
in Fig. 5, consists of an aluminum specimen measur-
ing 25 mm x 50 mm x 3BO mm. At the center of the 
50 mm x 380 mm plane, we caused a 6.35 mm diameter, 
3.17 mm deep, flat bottom depression by applying 
a 6,350 lg force. We then obtained three sets of 
time-of-flight profiles at Positions A, B, and Cas 
shown in Fig. 5, Position A being 3.17 mm below the 
bottom of the depression and B and C being 9.52 mm 
and 15.87 mm below, respectively. 
The time-Jf-flight measurements were made us-
ing the parallel beam method. The source and re-
ceiver were adjusted to obtain 27 views from -52" 
to +52" in steps of 4". 
Figure 6 shows the time-of-flight profiles 
obtained for the B scan: 6a shows the profiles from 
o· to 52", while 6b shows profiles from the angles 
-4" to -52". In this representation, the profiles 
are all scaled by the same factor but they have 
been repositioned along the vertical axis so that 
each set could be displayed on a single plot. One 
important point to notice in Fig. 6 is that as the 
angle increases, the resulting profiles deteriorate 
(contain points which appear to be inconsistent); 
however, we have found that if a s·mall number of 
time-of-flights obtained are in error, the result-
ing reconstruction is not drastically affected. 
Figures 7a, 7b, and 7c show gray scale images 
of the reconstructions from Positions A, B, and C 
respectively. In generating these images, we have 
applied the same maximum and minimum velocities to 
scale each of the reconstructions. Doing this 
shows how the velocity falls off with distance from 
the stress region. For these images, we have also 
positioned the levels of gray so that the middle 
shade (Level 5, counting from the darkest level of 
gray) corresponds to the average velocity measured 
in the aluminum sample. This average velocity was 
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determined by making a series of pulse-echo measure 
ments as far as possible from the induced stress 
region. Levels lighter than 5 indicate velocity 
increases and those darker than 5 indicate velocity 
decreases. Each level represents a 0.3% velocity 
change. The physical dimensions of the reconstruct 
ed region are 38 mm x 38 mm. 
Notice that by scaling all three images to the 
same maximum and minimum velocities, no detail can 
be observed for the C scan. This is because the 
velocity change assigned to each shade of gray ex-
ceeds the total change in the C scan. The calcu-
lated maximum velocity variation was 2.6%, 1 .8%, 
and 0.4% for Scans A, B, and C respectively. 
In Figs. 3a, Bb, and Be, we show the same re-
constructions, but here we have scaled each image 
by its own maximum and minimum. That is, for 8a, 
the levels represent 0.3% velocity change; for 8b, 
0.2%; and for Be, 0.04%. As in Fig. 7, the middle 
gray level corresponds to the average velocity in 
the aluminum section away from the stress region. 
By using this scheme for displaying reconstructions 
we can see detail in the C scan which was hidden 
in Fig. 7c. However, there is now no convenient 
way to compare Figs. Sa and Be. 
Reflected Beam - We have performed several experi-
ments to test the reflected beam techniques.. As 
a model of a region of velocity change in an other-
wise uniform metal volume, we chose a rubber glove 
filled with a water-alcohol mixture surrounded by 
a large volume of water. The ratio of water to al-
cohol in the glove was intended to provide a 3% 
increase in the velocity of sound over the sur-
rounding water bath. 
To simulated reflection from a back surface, 
we placed a transmitter-receiver pair on the same 
side of the rubber glove, and a mirror on the op-
posite side of the glove centered between the two 
transducers. A single profile was obtained by 
scanning the transmitter-receiver combination 
linearly past the glove. Additional profiles were 
obtained by changing the distance between the 
transmitter and receiver and repeating the linear 
scan. 
In one experiment, we used a data set consist-
ing of 23 profiles taken at angles from 10" to 120" 
in steps of 5". Each profile consisted of 31 time-
of-flight measurements taken at intervals of 7.37 
mm. Fig. 9 shows the reconstruction of a cross-
section of a single finger of the rubber glove 
obtained from this data set. The reconstruction 
indicates a sharp velocity change in the region of 
the finger. The maximum velocity change calculated 
for this reconstruction was 2.7%, which is close to 
our measurement of the actual velocity change with-
in the glove. 
Calibration - In order to relate velocity measure-
ments to stress, we have initiated a calibration 
experiment. The purpose of this experi~ent is to 
obtain velocity measurements as a funct10n of .. 
stress both tensile and compression. To accompl1s 
this, ~e fabricated tensile and compression speci-
mens from 6.45 em, A516-74A, grade 70, pressure 
vessel steel plate. These were placed in an MTS 
810 material-test-system machine located in our 
1 aboratory. . 
Time-of-flight measurements were made.wlth 
a system consisting of a Metrotek MP 215 Hlgh-
energy Pulser (driving a wide-band transducer), 
and a Metrotek MR 101 Receiver and Metrotek MG 703 
Interval Gate (driving an HP 5345A Time Interval 
Counter). The transducer was coupled directly to 
one side of the specimen and stress 1vas applied. 
The MG 703 was set to gate out the first and second 
echos from the back surface of the specimen. This 
eliminates any possible error due to the coupling 
thickness. We have found this measurement to be 
repeatable to 0.1 nsec. Transverse strain was meas-
ured with a Lion P'recision Corporation t~etri-Gap 
300-3 Capacitive Micrometer to a precision of 25 ~m. 
A thermocouple was also attached to the specimen to 
keep track of the temperature as the specimen was 
stressed. 
The results of these tests are summarized in 
Figs. 10 and ll. Curves l, 2, and 3 of Fig. 10 are 
derived from one tensile specimen and curve 4 is 
derived from another. Curve l represents a test run 
well below the yield point, curve 2 is a test run of 
the same specimen taken past the yield limit, and 
curve 3 is a final run taken to failure. This set 
of curves is extremely interesting since it seems to 
indicate that the specimen retains a memory of its 
last test if taken beyond yield. Curves l and 2 
follow the expected path of a linear velocity in-
crease with stress. However, after stressing the 
specimen into yield, as ~as done in curve 2, the 
behavior of the velocity (curve 3) is that of a 
specimen under compressive load. It appears as 
though a net residual compressive stress is present 
in the sample. The tension introduced by the machine 
must first overcome the residual compressive stress 
before the velocity again increases. This residual 
stress appears to be about 2.07 x lOs kPa. Note 
also, that the yield strength of the material in-
creases from about 3.10 x lOs kPa to 4.55 x lOs 
kPa due to work hardening (as is well known). Curve 
4 is the result of a test on a second identical 
specimen, performed to corroborate the stress acous-
tic constant derived from the first specimen. This 
factor, which is the slope of the curve, is 7.33 x 
10-~%/6.9 x 10 3 kPa/2.54 em. 
In Fig. 10, the curves are drawn only for the 
stre~s region before yield is reached. This is be-
cause the readings become erratic past this point. 
For this material, the velocity change appears to 
flatten out. However, this may be due to the well 
known behavior of materials in tension such as dis-
location and slip fractures in the material. In 
compression, a much smoother behavior is revealed, 
as shown in Fig. 11. In this case, 1 inear velocity 
decrease (with about the same stress acoustic con-
stant) occurs up to the yield point. After the 
material begins to yield, the velocity decreases in 
a highly non-linear manner with the slope increas-
ing precipitately. This, too, is expected from 
theory. 
CONCLUSION 
We have discussed an application of Computer-
Assisted Tomography '(CAT) for locating and mapping 
regions of residual stress. The simulations and 
experiments described have demonstrated that vel-
ocity anomalies of 2% can be ~uite easily res?lved. 
In work not reported here, we have a 1 so experlment-
ally mapped velocity anomalies as low as 0.2% and 
feel that 0.05% is technically feasible. These 
velocities translate to a sensitivity of 6895 kPa 
in a 2.54 em-thick region. 
We feel that the reflected beam geometry rep-
resents an important advance in the development of 
methods for inspecting structures which do not 
physically lend themselves to either the parallel 
beam or the fan beam geometries. Thus, there-
flected beam geometry could have important applica-
tions in the area of in-service inspection. 
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We are currently testing a prototype instrument 
for measuring stress in an online production en-
vironment. The instrument consists of an array of 
transducers placed in contact with the metal sur-
face. Two elements of the array are selected to 
form a pitchcatch arrangement. One is used to 
transmit a pulse and the other to receive it. The 
choice of elements defines the angle of the ray to 
be measured. After a time-of-flight measurement 
has been made, the selected set of two elements are 
electronically moved over by one element and a sec-
ond measurement made. In this way, a whole profile 
can be made very quickly. 
After one profile is made, the separation be-
tween the two elements is changed by selecting two 
different transducers and the process is repeated, 
giving another profile at a different angle. All 
of the necessary data can thus be taken in a few 
seconds or less, depending upon the accuracy de-
sired. 
The time-of-flight measurements are fed dir-
ectly into the memory of a microprocessor. When a 
complete set of data is available, the computer 
executes the ART algorithm and displays the result-
ing reconstruction on a CRT display. 
An additional problem also needs to be dis-
cussed at this time. When sound waves travel 
throuah media with different velocities, they are 
refracted. In the work discussed in this report, 
we have assumed that the sound travels in a straight 
line between the source and receiver. The diffi-
culty in trying to include the effect of refraction 
in our analysis is that we need to know the veloc-
ity field to calculate the refraction. However, 
the velocity field is exactly what we are attempt-
ing to determine. 
Several solutions to this problem have been 
suggested. The most accurate method would be to 
include the refraction equations in a simultaneous 
solution for the velocities. However, as we dis-
cussed earlier, a simultaneous solution to the 
problem is impossible because of the large number 
of equations and unknowns involved. A more prac-
tical solution would be to first compute the vel-
ocity field as we have described. Once we have an 
estimate of the velocities, we could iterate sev-
eral additional times using a modified version of 
the ART algorithm which would take into account 
the ray path bending. 
To date, we have not investigated the prob-
lems caused by refraction because the velocity 
changes which we are interested in are small and 
will cause only slight bending. However, if in 
the near future we apply this technique to examine 
regions containing large velocity variations, we 
will have to modify our reconstruction method to 
account for the refraction. 
· This research is sponsored by the Electric 
Power Research Institute under Contract RP504-2. 
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Fig. 1. Geometry for (a) computation of the 
time-of-flight profile and (b) the 
reconstruction of the object from 
the profiles. 
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Fig. 2. Two Reconstruction Geometries. 
(a) (b) 
(c) (d) 
Fig. 3. (a) Test Image. Reconstructions: (b) 180" Field of View 
(c) 90" Field of View (d) 45" Field of View. 
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Fig. 6. Time-of-Flight Profiles for Aluminum Sample at Level B. 
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Fig. 7. Reconstructions at (a) Level A, (b) Level B, and (c) Level C in 
the aluminum block described in Fig. 5. The gray scale for all 
three is normalized to Level A. 
Fig. 8. Fig. 7 repeated with gray scale normalized to each individual scan. 
Fig. 9. Reconstruction of Rubber Glove 
Model Using Reflected Beam 
Tomography. 
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SUJV!MARY DISCUSSION 
(B. Hildebrand) 
Jeffrey Eberhard (General Electric): Can you tell me how accurately you measured the 
time of flight and, secondly, what's that smallest size stress distribution you 
can see? 
B. Hildebrand: We are using commercial time of flight, time interval counters, and 
have been measuring time of flight to around ,J nanoseconds. This is us·ing an 
average of 100 measurements to 1000 measurements, a thousand pulses, for example. 
Now, the minimum stress measurement, that's a very good question. We have esti-
mated that we should be able to measure in the neighborhood of 5,000 psi in steel 
over a one-inch length. 
Don Thompson (Science Center): As background experience, we found when you load a 
sample, that you can find contributions of velocity changes from dislocation 
density changes that are as large or larger in some cases than the contributions 
from third-order constants. Do you have any way to know whether the total change 
in velocity is seen or is due to stresses, or is there a part due to changes in 
dislocation constant due to the loading and the working of the material? 
B. Hildebrand: We really have no way of determining that. We were simply measuring 
velocity change and, unfortunately, velocity change can come about due to other 
things besides stress. 
Don Thompson: I don't know if the third-order constants are known independently 
according to this material, but did you say plug those values in and calculate 
what expected velocity changes you would get from simply the stress component? 
B. Hildebrand: No, we haven't done that. 
Richard King (Stanford University): In answer to the last question, what we do is a 
uniaxial tension test, and you can calibrate the material because we know the 
stress change, so we just do a curve. I think in the curve you showed a velocity 
change. We do one of those by checking the relative velocity change in the last 
region. We cannot get the third-order constant separately, but the full 
expression in their combination adds up, so that's how you can determine that for 
different material. And it varies quite widely. For different types of aluminum, 
for instance, it can be as much as 30 percent change in the constant. The other 
comment I wanted to point out: if all you're using is longitudinal waves, what 
you're measuring is just the sum of the principal stresses, not really the sep-
arate stress components. 
B. Hildebrand: That's right. 
Richard King: Have you made any attempt to separate them out? 
B. Hildebrand: No we haven't. On the grounds that any information about stress 
distribution will be useful. Currently, no knowledge of stress is nondestructively 
obtainable, so if we can show them anything, it's great. 
Unidentified Speaker: It seems to me if you have a stress gradient in the material as 
you do have when you punch it on t~e top, you should worry about the assumption 
that you have straight-line motion just as you do if you have inclusions, but the 
effect would show up differently. There would be an analogy to see the change 
in position or the flattening, the distortion of the sun when it's setting or, 
in the case of a hot day, seeing mirages and double images and that kind of thing. 
Are you worried about these effects? 
B. Hildebrand: We haven't worried about them. I have shoved those worries into the 
background on the grounds that let's do one thing first. 
Unidentified Speaker: But if you have a transmitter and a receiver, you're going to 
have to worry about the geodesic paths of sound. 
(continued) 
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B. Hildebrand (discussion continued) 
B. Hildebrand: When you really get down to it, you're eventually going to have to do 
something like that. 
Gordon Kino (Stanford University): I think you have to remember these effects are 
very weak effects. All you can do to measure them is the transit time, and 
you're only talking a half-percent. 
Unidentified Speaker: It's much more than the change of the velocity of sound in the 
atmosphere when you see two images, mirages, an image of the sun. 
Gordon Kino: You're talking about thousands and thousands of wavelengths. Here you 
are not. These are relatively short paths. 
# # 
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